Titanite belongs to the common accessory minerals in Variscan (~ 360-350 Ma) metaluminous to slightly peraluminous tonalites to granodiorites of I-type affinity in the Tatric and Veporic Units, the Western Carpathians, Slovakia. It forms brown tabular prismatic-dipyramidal crystals (~ 0.5 to 10 mm in size) in association with quartz, plagioclase, and biotite. Titanite crystals commonly shows oscillatory, sector and convolute irregular zonal textures, reflecting mainly variations in Ca and Ti versus Al (1-2 wt. % Al 2 O 3 , 0.04-0.08 Al apfu), Fe (0.6-1.6 wt. % Fe 2 O 3 , 0.02-0.04 Fe apfu), REE (La to Lu + Y; ≤ 4.8 wt. % REE 2 O 3 , ≤ 0.06 REE apfu), and Nb (up to 0.5 wt. % Nb 2 O 5 , ≤ 0.01 Nb apfu). Fluorine content is up to 0.5 wt. % (0.06 F apfu). The compositional variations indicate the following principal substitutions in titanite: REE 3+ + Fe 3+ = Ca 2+ + Ti 4+ , 2REE 3+ + Fe 2+ = 2Ca 2+ + Ti 4+ , and (Al, Fe) 3+ + (OH, F) − = Ti 4+ + O 2− . The U-Pb SHRIMP dating of titanite reveal their Variscan ages in an interval of 351.0 ± 6.5 to 337.9 ± 6.1 Ma (Tournaisian to Visean); titanite U-Pb ages are thus ~ 5 to 19 Ma younger than the primary magmatic zircon of the host rocks. The Zr-in-titanite thermometry indicates a relatively high temperature range of titanite precipitation (~ 650-750 °C), calculated for assumed pressures of 0.2 to 0.4 GPa and a(TiO 2 ) = 0.6-1.0. Consequently, the textural, geochronological and compositional data indicate relatively high-temperature, most probably early post-magmatic (subsolidus) precipitation of titanite. Such titanite origin could be connected with a subsequent Variscan tectono-thermal event (~ 340 ± 10 Ma), probably related with younger small granite intrusions and/or increased fluid activity. Moreover, some titanite crystals show partial alteration and formation of secondary titanite (depleted in Fe and REE) + allanite-(Ce) veinlets (Sihla tonalite, Veporic Unit), which probably reflects younger Alpine (Cretaceous) tectono-thermal overprint of the Variscan basement of the Western Carpathians.
Introduction
)O] together with rutile and ilmenite belongs to the most widespread titanium minerals of the Earth. There is a large variability of titanite presence in various lithologies from early Archean to recent, including (ultra)basic, intermediate, acid and alkaline magmatic suites including pegmatites, low-grade to UHP metamorphic rocks, as well as in some hydrothermal and sedimentary environments (e.g., Paul et al. 1981; Bernau & Franz 1987; Nakada 1991; Gieré 1992; Russell et al. 1994; Černý et al. 1995; Bea 1996; Carswell et al. 1996; Bouch et al. 1997; Uher et al. 1998; Castelli & Rubatto 2002; Chakhmouradian et al. 2003; Broska et al. 2007; Cempírek et al. 2008; Xie et al. 2010; Gao et al. 2011; McLeod et al. 2011; Chen et al. 2016) . The titanite structure (Speer & Gibbs 1976; Liferovich & Mitchell 2005 comprises three different cation sites plus five anion sites, and the general formula of the titanite-group minerals can be written as XYZO 4 W. The sites are inhabited by following cations: the tetrahedral Z site hosts Si 4+ (and possibly small amounts of Al 3+ , Ti 4+ , P 5+ , As 5+ , S 6+ , and vacancy), the octahedral Y site occupies Ti 4+ and various small to medium-sized cations (Mg 2+ , Fe 2+ , Fe 3+ , Al 3+ , Sc 3+ , Cr 3+ , Mn 3+ , As 3+ , Sb 3+ , V 3+ , V 4+ , Sn 4+ , Zr 4+ , Hf 4+ , Si 4+ , V 5+ , Nb 5+ , Ta 5+ , As 5+ , Sb 5+ , W 6+ ), the 7-coordinated X site polyhedra contain Ca 2+ and other mainly medium-to large-sized cations: Na + , K + , Fe 2+ , Mn 2+ , Sr 2+ , Ba 2+ , Pb 2+ , REE 3+ (La 3+ to Lu 3+ and Y 3+ ), Th 4+ , and U 4+ , whereas the anionic W site is occupied dominantly by O 2− , GEOLOGICA CARPATHICA, 2019, 70, 6, 449-470 (OH) − , F − , and Cl − (e.g., Ribbe 1980; Bernau & Franz 1987; Gieré 1992; Russel et al. 1994; Černý et al. 1995; Perseil & Smith 1995; Knoche et al. 1998; Brugger & Gieré 1999; Della Ventura & Bellatreccia 1999; Markl & Piazolo 1999; Chakhmouradian 2004; Cempírek et al. 2008; Xie et al. 2010; Stepanov et al. 2012; Pieczka et al. 2017) .
The wide compositional variability of titanite reflects different conditions of the host-rock formation and the mineral is widely used in genetic interpretations. Especially, the content of Zr in titanite, proportional to temperature and pressure of its precipitation is successfully used in the application of the Zr-in-titanite thermobarometer . Moreover, admixtures of radioactive actinides (U and Th isotopes) and their decay products (Pb isotopes) in titanite structure enable to measure the radiometric age of titanite formation (e.g., Burger et al. 1965; Tilton & Grunenfelder 1968; Resor et al. 1996; Kennedy et al. 2010; Sun et al. 2012; Gasser et al. 2015; , recently also combined with oxygen isotope distribution across titanite crystals (Bonamici et al. 2015) . Consequently, titanite composition and isotope characteristics represent valuable tools for the understanding of the host-rock origin and tracers of various geological processes, widely used by petrochronology as well as P-T-t path reconstructions (e.g., Rubatto & Hermann 2001; Castelli & Rubatto 2002; Gao et al. 2011; Kohn & Corrie 2011; Stearns et al. 2015; Kirkland et al. 2016 Kirkland et al. , 2018 .
Titanite is a characteristic accessory mineral of granitic rocks, from metaluminous to slightly peraluminous biotite-± hornblende-bearing tonalites and granodiorites of calc-alkaline, orogenic-related suites (e.g., Lyakhovich 1968; Wones 1989; Bea 1996; Hoskin et al. 2000; McLeod et al. 2011) . Titanite is also a typical accessory mineral in Variscan granitic rocks of I-type affinity in the Western Carpathians, Slovakia (e.g., Schafarzik 1898; Radziszewski 1924; Hovorka 1960; Hovorka & Hvožďara 1964; Jacko & Petrík 1987; Broska & Uher 1988; Petrík & Broska 1989 , 1994 Broska et al. 1997) . Recently, the West-Carpathian granitic titanite has been investigated in detail, including its electron-microprobe chemical composition, 57 Fe Mössbauer spectroscopy, associated minerals, and alteration products (Broska et al. , 2007 Broska & Petrík 2015) .
Despite above-mentioned results, some aspects of titanite chemical composition are still not resolved. Moreover, age and origin of titanite from the West-Carpathian Variscan granitic rocks have been interpreted controversially: as a product of Alpine (Cretaceous) post-magmatic, syn-to posttectonic recrystallization of parental granodiorite/tonalite (Zoubek 1936) or as a result of Variscan (Carboniferous) primary magmatic (Hovorka 1960; Hovorka & Hvožďara 1964) to late-magmatic precipitation (Broska et al. , 2007 . This paper presents a detailed study of titanite in the Variscan I-type granites of the Western Carpathians, including their compositional variations (main and trace element chemistry) with main substitution mechanisms, as well as in-situ U-Pb dating and possible genetic scenario based on titanite thermobarometry and chronometry. Such research is a contribution to our understanding of titanite origin and evolution of the host granitic rocks.
Regional geology
The Western Carpathians form a part of the Alpine orogenic belt, divided into the Inner and Outer Western Carpathians (Bezák et al. 2011) . The Paleozoic basement rocks of the Inner Western Carpathians occur in three Alpine tectonic units: Tatric, Veporic, and Gemeric. The Variscan (Devonian to Carboniferous) calc-alkaline granitic plutons of I-and S-type affinity (e.g., Petrík & Kohút 1997; Kohút et al. 1999; Broska & Uher 2001; Kohút & Nabelek 2008; Broska et al. 2013) occur in the Tatric and Veporic units, they intruded high-to medium-grade Paleozoic metamorphic rocks (mainly metapelites to metapsammites) of the Variscan nappes, which show a pre-Alpine, generally south vergency (e.g., Putiš 1992; Bezák et al. 1997; Bielik et al. 2004) . Moreover, small bodies of Permian post-orogenic to anorogenic S-and A-type granitic rocks are also present in various tectonic units of the Inner Western Carpathians, mainly in the Gemeric Unit (e.g., Uher & Broska 1996; Broska & Uher 2001) .
The West-Carpathian Variscan I-type granitic rocks are represented by coarse-to medium-grained, usually equigranular to slightly porphyric, biotite, locally hornblende-bearing (leuco)tonalites to granodiorites, rarely more evolved two-mica granites. Fluorapatite, zircon, allanite-(Ce), epidote, magnetite, pyrite and titanite belong to widespread accessory mineral of these granitic rocks. Moreover, the tonalites to granodiorites sporadically contain small bodies of mafic microgranular enclaves of diorite to melatonalite composition (Petrík & Broska 1989 ) and rare dykes of granitic pegmatites (Uher & Broska 1995) . In contrast to the undeformed I-type granitic rocks of the Tatric Unit, those of the Veporic Unit commonly show Paleo-Alpine (Cretaceous) metamorphic overprint mani fested by mildly to strong post-magmatic alteration of primary magmatic minerals, especially plagioclase, biotite and allanite-(Ce).
These granitic rocks reveal calc-alkaline, metaluminous to the slightly peraluminous character with slightly elevated contents of Ca, Mg, Sr, Ba, Ti, Zr and P, and low K, Rb, Li, B, Sn and F concentrations (Broska & Uher 2001) . The whole-rock REE patterns are relatively steep (La N /Lu N = 10-40), usually with slightly negative Eu anomaly (Eu N /Eu N * = 0.7-0.9). The chemical composition, Sr and Nd isotopes (I Sr = 0.705 ± 0.001, εNd 350 = −0.6 to −4) suggest subduction-related, I-type character of these granitic rocks, originated by mixing of a deeper-seated mafic melt with mantle signature into the felsic crustal magmatic reservoir (Kohút et al. 1999; Poller et al. 2001; Broska & Petrík 2011; Broska et al. 2013) . The zircon in-situ U-Pb isotope dating indicates an Upper Devonian to Lower Carboniferous (Mississippian) crystallization age interval (~ 350 to 370 Ma) for the I-type granitic suite in the Western Carpathians (e.g., Kohút et al. 2009; Broska et al. 2013; Gawęda et al. 2016 ).
Methods
Accessory titanite and their host rocks were studied in polished thin sections under a polarizing optical microscope. Moreover, separates of titanite and other accessory minerals were obtained by common procedure: crushing of ~ 15 kg rock sample, sieving (≤ 0.5 mm size was used) and then by using the Wilfley vibrating table, heavy liquids (bromoform, methylene iodide) and finally by the Cook electromagnetic separator. Titanite crystals were concentrated mainly in the slightly paramagnetic fraction of heavy mineral separates. Larger titanite crystals (~ 3-10 mm) were manually separated from the host rock (Sih-1 sample). These separated titanite crystals were fixed and polished in sections of 2.54 cm diameter.
The in situ chemical composition of titanite was analyzed by the JEOL JXA 8530FE electron-probe microanalyser (EPMA) at the Earth Sciences Institute of the Slovak Academy of Sciences in Banská Bystrica at the following conditions: WDS mode, accelerating voltage 15 kV, probe current 20 nA, beam diameter 3 µm, counting time 10-30 s on peak, 5-15 s on background, the ZAF correction. The X-ray lines and used standards are following: Nb (Lα, LiNbO 3 ), Si (Kα, albite), Ti (Kα, rutile), Al (Kα, albite), Y (Lα, YPO 4 ), La (Lα, LaPO 4 ), Ce (Lα, CePO 4 ), Pr (Lß, PrPO 4 ), Nd (Lα, NdPO 4 ), Sm (Lß, SmPO 4 ), Gd (Lß, GdPO 4 ), Fe (Kα, hematite), Mn (Kα, rhodonite), Mg (Kα, diopside), Ca (Kα, diopside), Na (Kα, albite), K (Kα, orthoclase), and F (Kα, fluorite). The chemical compositional zoning of titanite crystals was studied using the backscattered electron imaging (BSE) by the EPMA.
The content of trace elements was measured using a Laser Ablation -Inductively Coupled Plasma -Mass Spectrometry (LA-ICP-MS) at the Department of Chemistry, Masaryk University, Brno, which consists of a laser ablation system UP 213 (New Wave Research, Inc., Fremont, U.S.A.) and an ICP-MS spectrometer Agilent 7500 CE (Agilent Technologies, Santa Clara, U.S.A.). The laser-ablation system is equipped with a programmable XYZ-stage to move the sample along a programmed trajectory during ablation. Visual target inspection, as well as the photographic documentation, is accomplished using a built-in microscope/CCD-camera system. The ablation cell was flushed with helium (carrier gas), which transported the laser-induced aerosol to the inductively coupled argon plasma (1 l.min -1 ). A sample gas flow of argon was admixed to helium carrier gas flow after the laser ablation cell. Therefore, the total gas flow was 1.6 l.min -1 . Laser ablation was performed with a laser spot diameter of 40 μm, laser pulse fluence of 7 J.cm -2 , and 10 Hz repetition rate for 60 seconds each. The Si was used as an internal standard and the NIST SRM 610 silicate glass calibration standard was applicated.
The U-Th-Pb isotope composition used for dating of titanite was analysed by SIMS using the Sensitive High Resolution Ion Microprobe (SHRIMP) technique by the SHRIMP IIe/MC at the Polish Geological Institute -National Research Institute (PGI-NRI), Warszawa. The fragments of selected titanite crystals were mounted on adhesive tape together with chips of reference Khan titanite (e.g., Heaman 2009) and embedded by epoxy resin (Struers Epofix). After that, the epoxy disc was polished to reveal cross-sections through the grains, cleaned and dried. Finally, the polished titanite crystals were imaged on the Nikon Eclipse LV100NPol optical microscope in transmitted and reflected light mode using the NIS-Elements BR software and on HITACHI SU3500 EPMA using a back-scattered (BSE) detector to check the homogeneity of titanite fragments and to select proper domains for analyses without the presence of different mineral inclusions. The sample mount was then cleaned and coated with gold to yield a conductivity resistance of 10-20 Ω for the SHRIMP analysis. The basic analytical procedure for titanite on SHRIMP instrument described by Sato et al. (2016) has been slightly modified. The run table for titanite included 6 mass scans of the following 10 peaks: 204 Pb (a background measured at 0.045 mass units above the 204 Pb peak), 200 TiCa 2 O 4 (guide peak), 206 Pb, 207 Pb, 208 Pb, 238 U, 232 Th, ThO, UO, and UO 2 . The primary ion beam was rastered over a 25-30 µm rectangle for 2.0 minutes prior to each single spot collection, to reduce a surface contributions by common Pb. After that each measurement has six cycles through the data acquisition of 10 peaks, but a total analytical time for one spot is not extended 18 min. The focusing of an O 2− primary ion beam on sectioned titanite grains typically produces a spot with an elliptical size of about 20-23 μm and depth of 3-4 μm.
The Khan titanite was used as the principal reference material for Pb*/U and Th*/Pb. The counts were acquired on both the sample and titanite standard along whole analytical session. The uranium content of 584 ± 95 ppm, according to ID-TIMS characteristics provided by Heaman (2009), and 206 Pb/ 238 U age of 518 ± 2 Ma (Kinny et al. 1994) were taken as reference values. During about 24 hours of the analytical session on SHRIMP, twenty Khan analyses yielded a weight average 207 Pb/ 206 Pb age of 518 ± 13 Ma (MSWD = 1.4) and weight average 238 U/ 206 Pb age of 516.6 ± 7.0 Ma (MSWD = 1.4). These data set (n = 20) gave a lower intercept of age of 517 ± 7 Ma (MSWD = 0.96) on the W concordia plot (the diagram not shown). All these calculated Khan datings are within uncertainty of its reference value, showing similarity to other results determined for the Khan titanite by the LA-ICP-MS, ID-TIMS or SHRIMP methods (Kinny et al. 1994; Simonetti et al. 2006; Heaman 2009; Chew et al. 2014; Sato et al. 2016; Ma et al. 2019 ).
The SQUID2.50.11.01.03 software (Ludwig 2009 ) and attached the Isoplot/Ex version 3.00 Macro program (Ludwig 2003) were used for data processing. The SQUID2 calculates a 'calibration constant', for each analysis of the reference material (RM) and an error-weighted mean and standard error for all of these analyses, plus the error on the calibration, and the external error from the standard dataset. For each analysis of an unknown, a value for blank and its uncertainty is calculated. The ratio 204 Pb*/ 206 Pb, and the estimated 207 Pb*/ 206 Pb age of the titanite, are used to correct for a common Pb composition calculated from the Stacey and Kramers (1975) model of bulk-crustal Pb isotope composition. The spot values for GEOLOGICA CARPATHICA, 2019, 70, 6, 449-470 U-Th-Pb Special equations (Ludwig 2009 ) were calculated as spot average, and for other Task equations as spot average. The 207 Pb correction for 206 Pb/ 238 U as Squid option was applied, which assumes concordance between radiogenic 206 Pb/ 238 U and 207 Pb/ 235 U. Possibility of this assumption was evaluated by calculation of single analytical session using the concordia age function of SQUID2 software (Ludwig 2009 ), which has the advantage of providing a test of concor dance. Both type of the concordia diagrams of Tera-Wasser burg (T-W) and Wetherill (W) were generated, and values with lower the mean square weighted deviation (MSWD) were preferred. Uncertainties on individual analyses in the data table are reported at a 1 σ level but calculated on concordia diagrams are reported as a 2 σ. The error in standard calibration was 0.81 %.
Results

Petrography of granitic rocks
We chose six typical samples of titanite-bearing I-type tonalites to granodiorites, located in the Tribeč, Nízke Tatry, Vepor and Čierna Hora Mountains ( Fig. 1 ; see the Appendix for detailed locations). The investigated titanite-bearing gra nitic rocks are medium-to coarse-grained, biotite tonalites to granodiorites with hypidiomorphic granular texture. Rock-forming minerals include euhedral to subhedral, locally por phyritic plagioclase as the most common mineral (33-58 vol. %; crystal cores An 35-40 , rims An~ 20 ), rare subhedral to anhedral interstitial perthitic K-feldspar (0-12 vol. %), anhedral quartz (22-40 vol. %), subhedral biotite (14-17 vol. %), and locally also secondary (post-magmatic) anhedral muscovite and chlorite after biotite. Accessory minerals (1-3 vol. %) comprise titanite, apatite (hydroxylapatite to fluorapatite), zircon, allanite-(Ce), epidote, magnetite, ilmenite, rutile, and pyrite. Chemical compositions of the studied titanite-bearing granitic rocks are listed in Table 1 .
Titanite description
Titanite forms euhedral to subhedral, dark honey-yellow to pale brown transparent to translucent, wedge-shaped flattened crystals with vitreous to adamantine luster, usually ~ 0.3 to 10 mm across, in association with plagioclase, quartz, biotite and magnetite (Fig. 2 ). Tiny inclusions of zircon, apatite, quartz, and biotite were detected in some titanite crystals. The BSE images of titanite crystals often reveal their complex textural growing and dissolution-reprecipitation patterns with domains showing fine oscillatory and sector zoning, in combination with irregular, mosaic or convolute zoning ( Fig. 3A-F) .
This primary titanite crystals are locally replaced along cleavage planes, fissures and irregular domains by apparently younger quartz, albite, K-feldspar, ilmenite, TiO 2 phase (rutile and/or anatase), hematite, chlorite, epidote to allanite-(Ce) and secondary titanite, especially in samples from the Veporic Unit (Sihla, Čierna Hora; Fig. 3G -H). Irregular veinlets or chain-like aggregates of the secondary titanite were also described from analogous I-type granitic rocks of the Tribeč Mountains (Broska et al. , 2007 . Therefore, their detailed characterization is beyond the scope of this paper.
Titanite crystal chemistry
The zoning in BSE reflects variations in the chemical composition of titanite, lighter zones illustrate elevated contents of Fe and REE`s whereas darker zones show higher Ca, Al and/ or Ti contents. Aluminium, Fe, REE`s (La to Lu + Y) and Nb are the most characteristic isomorphic admixtures of investigated titanite, detected by EPMA (Table 2) . Their contents are in the range of 1.0 -2.2 wt. % Al 2 O 3 (0.04-0.08 Al atoms per formula unit, apfu), 0.6 -1.6 wt. % Fe 2 O 3 (0.02-0.04 Fe apfu), up to 4.8 wt. % REE 2 O 3 (≤ 0.06 REE apfu), and up to 0.5 wt. % Nb 2 O 5 (≤ 0.01 Nb apfu). Fluorine content is up to 0.5 wt. % (0.06 F apfu). Moreover, slightly decreased analytical totals of measured titanite (usually 97 to 98 wt. %) together with the high contents of Al, Fe, and F indirectly indicate a presence of (OH) − anion. The irregular late veinlets and patchy zones of the secondary titanite generally reveal lower contents of Fe Table 2, anal. 39, 58, 74, and 45) with comparison to the primary zones where the Fe/Al ratio attains 0.4 to 0.8.
The trace-element analyses of titanite by the LA-ICP-MS method reveal a dominancy of REE`s, especially Y, Ce, and Nd (average contents attain ~1000 to 7500 ppm; ∑REE = 6300 to 21200 ppm) over Mg, Mn, Nb, V, Zr, Sn, Th, U (elements with average contents of ~100 to 1300 ppm), and other trace elements with average contents under 100 ppm (Table 3) . The REE show a distinct dominance of LREE (La to Sm) over HREE (Gd to Lu, without Y), the average Ce/Yb weight ratio varies between 15 and 51. Chondrite-normalized titanite Table 1 : Chemical analyses of studied titanite-bearing granitic rocks from the Western Carpathians. Oxides in wt. %, trace elements in ppm. Analytical techniques see Broska & Uher (2001) . T Zrn (°C): zircon saturation temperature in °C (Watson & Harrison 1983 Hora) where the value attains 1.2 (Fig. 4) . The highest positive correlations between the trace elements of titanite (r ≥ 0.7) have been observed between Zr vs. Hf , ∑REE vs. Zr (Hf), Th vs. Hf (Zr), and Nb vs. Ta (Fig. 5) .
Titanite U-Pb dating
The BSE imaging shows that investigated titanite crystals are not homogeneous (Fig. 3) and they are locally slightly porous, but in general, they show sufficiently large unzonal domains for successful in-situ dating (Fig. 6) .
The accuracy of the SHRIMP results is strongly influenced by content of uranium in titanite and low U grains usually provide non-accurate results. In consequence, both titanite samples from the Tribeč Mts. (T-63 and T-70) were excluded from the dating, because of their relatively low U contents checked by a single scan of grains on SHRIMP. Finally, only four samples (ZK-79, ZK-83, Sih-1, ZK-12) were analysed. The titanite single spot analyses show compositional variability of U (~ 40 to ~ 660 ppm) and Th (~10 to ~ 680 ppm) in these four samples, used for the dating (Table 4 ). Contents of Th attain commonly >200 ppm and variable U/Th weight ratio (~1 to 9) appears here. However, in a case of ZK-12 and occasionally also in ZK-79 and ZK-83 samples, a clearly lower Th contents (usually <100 ppm) and corresponding Th/U ratio (~0.1 to 0.6) has been obtained, that may suggest a more complex origin of the parts of crystals.
In the investigated titanite samples, the content of common Pb is moderate to high, ranging from 1.85 % to 29.52 % (Table 4) ; this table shows also a correlation between common Pb content and discordance. Thus the final age calculations were made for all analyzes as well as after rejection the few highest common Pb results. There are several analyses on titanite crystals in each sample that have concordant or nearly concordant U-Pb ages (+3, −4, −6, +11 % of discordance; Table 4 ). All from 50 single spot measurements yielded 238 U/ 206 Pb age results between 364 ± 14 Ma and 317 ± 12 Ma, but most of them are grouped at 334 Ma with minor peaks at 341 Ma and 349 Ma (based on a histogram plot, not shown).
The age calculations for each sample were conducted for (1) all analysed and then for (2) selected titanite grains, where the lowest common Pb values are <10 % (except Sih-1 sample) were acquired. All calculated values including concordia ages from both Tera-Wasserburg and Wetherill diagrams as well as weighted average 238 U/ 206 Pb ages are shown in Table 5 and compared with corresponding zircon ages (Broska et al. 2013) . The distribution of data on concordia plots are relatively consistent; results with the lowest MSWD are preferred yielding the following ages (Table 5 , Fig. 7) : 343.1 ± 8.2 Ma, MSWD = 0.47 (Nízke Tatry Mts., ZK-79 sample), 351.0 ± 6.5 Ma, MSWD = 0.0047 (Vepor Mts., ZK-83 sample), 344 ± 12 Ma, MSWD = 5.9 (Vepor Mts., Sih-1 sample), and 337.9 ± 6.1 Ma, 
Discussion
Titanite chemical composition
Crystal chemistry of titanite allows wide range of various cationic and anionic substitutions, which sensitively reflect geological environment and evolution of the parental rocks. Accessory titanite is an important carrier of REE in granitic 
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Tribeč The 57 Fe Mössbauer spectroscopy indicates a general dominance of Fe 3+ over Fe 2+ in titanite from the West-Carpathian granitic rocks with 13.5 to 22.0 % Fe 2+ [100*Fe 2+ /(Fe 2+ + Fe 3+ )]; however some titanite samples (Nitra and Sihla) show 43.6 and 58.3 % Fe 2+ , respectively ). Therefore, the entry of REE into the titanite structure is compensated by both Fe 3+ and Fe 2+ cations along the (1) and (2) substitution mechanisms in the studied samples. The REE versus Fe total (Fe 2+ + Fe 3+ ) diagram shows positive correlation trend with atomic REE : Fe ratio between 2:1 and 1:1, which also support the presence of both iron valence states in titanite (Fig. 8A) . Moreover, some compositions reveal the REE:Fe ratio below 1:1, indicating a presence of other substitution mechanisms including Fe without REE, mainly (4) exchange ( Fig. 8A-B) .
Entry of Nb 5+ cation into the structure of investigated titanite (up to 0.5 wt. % Nb 2 O 5 ) could be compensated by trivalent cations along the Nb 5+ + (Al, Fe) 3+ = 2Ti 4+ substitution vector (7), to żabińskiite end-member, Ca(Al 0.5 Ta 0.5 )(SiO 4 )O (Pieczka et al. 2017 ). However, measured contents of Nb and Ta in the studied West-Carpathian titanites are too low for unambiguous evidence of such a mechanism.
The major and trace element composition of titanite can discriminates their magmatic versus metamorphic or hydrothermal origin. Generally, the Fe/Al atomic ratio over 0.5 corresponds to titanite from igneous rocks, conversely values <0.5 are characteristic for metamorphic titanite (Nakada 1991; Kowallis et al. 1997 Kowallis et al. , 2018 Aleinikoff et al. 2002) . The Fe/Al ratio of investigated titanite attains 0.4-0.8 for primary REEand Fe-enriched domains in contrast to 0.2-0.4 in the secondary REE-and Fe-poor titanite. Therefore, the Fe/Al value is not unambiguous for primary titanite but it indicates metamorphic (non-igneous) origin of secondary titanite zones. Higher Th/U weight ratio (~1 to 9) in majority of measured titanite crystals reveals rather a magmatic origin of titanite in contrast to distinctly lower Th/U ratio (~0.1 to 0.6) in some domains (especially in ZK-12 sample), probably of secondary titanite which indicate metamorphic or hydrothermal origin (cf. Aleinikoff et al. 2002; Li et al. 2010; Gao et al. 2012) . However, the Th/U ratio cannot effectively discriminates igneous vs. hydrothermal or metamorphic source for hightemperature titanite (Liu et al. 2018) .
The chondrite-normalized pattern of studied titanite, consisting convex shape of LREE, insignificant to absent Eu anomaly and gradual decreasing of HREE (Fig. 4) also is not an efficient discriminator for igneous vs. metamorphic or hydrothermal origin. Analogous REE-normalized patterns display titanite from granitic rocks (Bea 1996; Bauer 2015; as well as from metamorphic rocks (eclogites; Gao et al. 2011; Skublov et al. 2014) . Consequently, the shape of the chondrite-normalized REE patterns of titanite is rather a result of different REE partitioning between the host-rock minerals.
Titanite age and origin
Titanite is a relatively common accessory mineral and a principal carrier of titanium in the West-Carpathian Variscan I-type tonalites to granodiorites; it fixes ≤ 80 wt. % Ti of the bulk rock . Titanite is here present in the association of magnetite + quartz, which indicates a relatively increased oxygen fugacity (log f O 2 ≈ −12). GEOLOGICA CARPATHICA, 2019, 70, 6, 449-470 Errors are 1-sigma; Pb c and Pb * indicate the common and radiogenic portions, respectively. Error in standard calibration was 0.81 % (not included in above errors but required when comparing data from different mounts).
isotopic ratio selected to concordia calculation .
Variscan calc-alkaline granitic rocks of I-and S-type affinity belong to the most voluminous lithologies within Paleozoic crystalline basement of the West-Carpathian Tatric and Veporic units. Their age of magmatic crystallization has been determined recently by single-grain and in situ U-Pb dating of zircon and monazite. The dating ages are usually between ~ 360 and 340 Ma (Upper Devonian to Carboniferous); they indicate a main interval of Variscan plutonic activity in the West-Carpathian Tatric and Veporic crystalline basement (e.g., Poller et al. 2000; Gaab et al. 2005; Burda & Gawęda 2009; Kohút et al. 2009; Broska et al. 2013; Burda et al. 2013a, b; Gawęda et al. 2016) . This age interval is also corroborated by chemical U-Th-Pb dating of monazite (e.g., Finger et al. 2003; Uher et al. 2014 ) and some older Rb-Sr wholerock isochron data (Cambel et al. 1990 and references therein) . Such Upper Devonian to early Carboniferous granitic magmatism belongs to older phase of plutonic activity, located within internal parts of the Variscan orogen for example in the Hintertal Plutonic Suite (mainly the Pletzen Pluton) of the Seckau Complex, Austroalpine basement of the Eastern Alps (Mandl et al. 2018) , in part of the Moldanubian plutonic complex (Weinsberg granite) and the Central Bohemian Batholith (Sázava granodiorite; Cháb et al. 2008; Žák et al. 2014 and references therein), in southern Schwarzwald and NW part of the French Massif Central, e.g. Guéret batholith (Kroner & Romer 2013 and references therein) .
Our SHRIMP U-Pb titanite results also reveal Variscan age interval between 351 ± 6.5 and 338 ± 6 Ma, which corresponds to early Carboniferous, Tournaisian to Visean stage (Table 5 , Fig. 7) . However, they are systematically lower (~5 to 19 Ma) in comparison with zircon U-Pb ages of 353-356 ± 2 Ma achieved by in-situ SIMS method from the same titanitebearing granitic rocks from the Western Carpathians (Broska et al. 2013 ; Table 5 ).
Here we suggest the following two most plausible interpretations of this age discrepancy: (1) the titanite ages indicate their younger, late-magmatic crystallization in contrast to the early-magmatic age of zircon precipitation; or (2) postmagmatic (subsolidus) origin of titanite due to younger event connected with subsequent overprint of the parental granitic rocks (discussed below).
For estimating of titanite crystallization temperature Fig. 7 . The U-Pb concordia age diagrams of titanite from the West-Carpathian granitic rocks. Left column: Tera-Wasserburg diagrams of all spots; right column: Wetherill diagrams of selected spot analyses (see Table 4 ). All uncertainties are quoted at 2-sigma level.
GEOLOGICA CARPATHICA, 2019, 70, 6, 449-470 by possible partial loss of Pb from titanite lattice expressed as Pb closing temperature in titanite [T C Pb(Ttn)]. The T C Pb(Ttn) is generally lower than T C Zr(Ttn), due to the higher mobility of Pb with comparison to Zr (Cherniak 2006; Kirkland et al. 2016 Kirkland et al. , 2018 . Nevertheless, T C Pb(Ttn) is also relatively high (≥ 700-800 °C) for large titanite crystals (≥ 0.5 mm) at cooling rate of ~10-100 °C/Ma (Gao et al. 2012; Sun et al. 2012; Spencer et al. 2013; ). Based on above calculations and assumptions, we can conclude T C Zr(Ttn) > T C Pb(Ttn) > T S (Ttn) for our granitic rocks and therefore the calculated T S (Ttn) are not influenced by Zr and Pb mobility in the studied titanite crystals. Consequently, our data represent rather true precipitation temperatures at the measured age than the age of titanite closure temperature. If we consider the late-magmatic origin of titanite, a time of magmatic evolution, including pluton accretion and mineral crystallization from the solidified melt of the parental granite is necessary to take into consideration. Recent growing dataset of evidence suggests that granitic pluton emplacement and assembly occurs by incremental accretion of numerous successive and relatively small pulses of magma with little liquid that accumulates by dyke-like propagation over variable time periods, generally from 10 2 to 10 6 years, depending of geodynamic setting and source fertility (e.g., Coleman et al. 2004; Glazner et al. 2004; Michel et al. 2008; Schaltegger et al. 2009; Barboni et al. 2013) . Sensitive in-situ zircon U-Pb geochronological data indicate amalgamation of large granitic batholiths (~10 3 to 10 4 km 2 in their maximum extent) during approximately 5 to 10 Ma, in contrast to emplacement time of smaller composite plutons (<10 3 km 2 ; ~1.5 Ma), and especially to one distinct magmatic pulse or small single plutons which create only during 10 4 to 10 5 years (e.g., Matzel et al. 2006; Michel et al. 2008; Carichi et al. 2012) . Complete amalgamation time of the West-Carpathian I-type granite plutons (~10 2 to 10 3 km 2 in order of magnitude) could be estimated over ~10 Ma, including numerous magmatic pulses. The model of long-lasting incremental growing of granitic pluton formed by repeated magma injections into an active shear zone during over ~30 Ma period has been recently applied for Variscan composite polygenetic intrusion of the Tatra granitoid pluton (Gawęda et al. 2016 ). On the other hand, the age difference between zircon and titanite U-Pb ages for the same granitic rocks in our case (~5 to 19 Ma; Table 5 ) is generally too large. For example, the Re di Castello pluton in Adamello granite batholith, Italy represents comagmatic crystallization of zircon and titanite during one or several closely subsequent magmatic pulses, where U-Pb dating of (Table 3) at a(TiO 2 ) = 0.6 and 1.0 ) and corresponding zircon saturation temperature [T S (Zrn)] (Watson & Harrison 1983) . A titanite reveal only 130 to 700 ka younger ages than zircon (Schaltegger et al. 2009 ).
Textural patterns indicate titanite crystallization at the ex pense of magmatic Ti-rich magnetite, magnesian biotite and Ca-rich plagioclase which can be observed as armoured inclusions in titanite, where re-equilibration involved oxidation of the ulvöspinel (Fe 2+ 2 TiO 4 ) component in Ti-rich magnetite produced titanite and Ti-poor magnetite in the Tribeč I-type granites (Broska et al. 2007 ). Titanite and epidote partly replace magmatic biotite and late-magmatic, Ti-poor magnetite is commonly overgrown by titanite in the Čierna Hora granitic rocks (Bónová et al. 2010) . The calculation of a model mineral equilibrium in the K 2 O-CaO-FeO-Al 2 O 3 -TiO 2 -SiO 2 -H 2 O-O 2 (KCFATSHO) system indicates that pure magnetite + titanite forms in granites as a product of the reaction between the early magmatic Ti-rich magnetite, Mg-rich biotite (phlogopite), and anorthite-rich plagioclase in a fluid-rich environment derived from a melt under relatively oxidizing conditions (Broska et al. 2007; Broska & Petrík 2011) . The above-mentioned authors suggest a late-magmatic origin of titanite; assuming equilibrium among biotite, K-feldspar and magnetite, where the intersection of the calculated biotite stability curves with the curve of minimum water content in the haplogranite system (after Johannes & Holtz 1996) gives 4.8 wt.% H 2 O at 744 °C and 0.4 GPa for the titanite-bearing tonalite of the Čierna Hora Mts. (Bónová et al. 2010) . Application of the Fe-Ti oxide geothermometry (Sauerzapf et al. 2008; Ghiorso & Evans 2008) show ~630 to 780 °C interval for the equilibrium of magnetite-ilmenite pair for the titanitebearing granitic rocks (Tribeč, Čierna Hora; Broska & Petrík 2011) . Moreover, this titanite producing reaction indicates the temperature of ~710 °C at 0.4 GPa pressure and aH 2 O = 0.5, calculated using the Thermocalc 3.31 (Holland & Powell 2011) and the AX software for end-member activities (Broska & Petrík 2015) . These calculated temperatures are in accordance with our results based on Zr-in-titanite thermometry (Table 6) .
However, such temperatures (~ 650 to 750 °C) are near but mostly under tonalite solidus at ~ 0.3-0.4 GPa (e.g., Singh & Johannes 1996) . Experiments indicate a beginning of dehydration melting in biotite-plagioclase-quartz assemblage of tonalite composition at 760 °C and 0.5 GPa, using biotite chemistry close to ~50 mol. % annite, 0.5 apfu Al and 0.3 apfu Ti in octahedral site (Singh & Johannes 1996) which is similar to the biotite composition of investigated West-Carpathian granitic rocks (Petrík 1980; Petrík & Broska 1989 , 1994 Bónová et al. 2010) .
After the formation of subduction-related I-type granites, subsequent Variscan crustal shortening during younger collisional event might have trigger partial melting and intrusion of limited amounts of leucogranitic melts and/or related high-temperature fluids into I-type tonalites to granodiorites, dated at ~ 340 Ma by chemical U-Th-Pb monazite method in the Tribeč Mts. (Broska & Petrík 2015) and Branisko near Čierna Hora (Bónová et al. 2005) . Almandine garnet from granitic pegmatite near Rimavská Baňa (Veporic Unit) also reveals a Visean Sm-Nd isotopic age of 339.0 ± 7.7 Ma (Thöni et al. 2003) . Another example of two magmatic pulses has been documented by LA-MC-ICP-MS U-Pb zircon dating form granitic rocks of the Tatry Mts., where the high luminescence zircon cores record age of 350 ± 3 Ma, and younger, low luminescence zircon rims gives 337 ± 6 Ma (Burda et al. 2013b) .
Optical and BSE photomicrographs of the West-Carpathian granitic titanite and associated minerals (Broska et al. , 2007 Broska & Petrík 2011 together with our results (Fig. 3) clearly document its complex evolution including growth and superimposed partial dissolution-reprecipitation and alteration phenomena. In some cases, primary titanite was partly to almost completely replaced by secondary ilmenite ± epidote pseudomorphs with many pores (Broska et al. 2007) . Complex textural patterns are characteristic feature of accessory titanite of various origin; they commonly occur in titanite crystals of volcanic (Nakada 1991; Colombini et al. 2011 ), plutonic (Paterson et al. 1989 McLeod et al. 2011; Middleton et al. 2013) as well as postmagmatic and metamorphic origin (Černý et al. 1995; Cempírek et al. 2008) . In our samples, we interpret such textures as a result of subsolidus, fluid-induced high-temperature precipitation of titanite during a Variscan post-magmatic event.
Moreover, the late irregular veinlets and irregular patchy zones of younger, secondary titanite occur along cleavage planes, fissures and crystal rims of primary titanite (Fig. 3G-H) , commonly with secondary allanite-(Ce), epidote, quartz, albite, K-feldspar, chlorite, ilmenite, TiO 2 phase (rutile and/or anatase), and hematite. This late mineral association could be connected with Alpine metamorphic overprint of the Variscan basement of the Western Carpathians, especially in the Veporic Unit, where Cretaceous (~100 to 70 Ma) metamorphic conditions of the Kráľova Hoľa Complex attained 430-530 °C and 550-850 MPa Jeřábek et al. 2008 ).
Summary
The study of large titanite crystals (~0.5 to 10 mm) from Variscan I-type granitic rocks of the Western Carpathians allows the following main conclusions: Tournaisian to Visean). These ages are ~ 5 to 19 Ma younger than the primary magmatic U-Pb ages of zircon in corresponding rocks (Broska et al. 2013 ). • Application of Zr-in-titanite geothermometry implies a possibly fluid-driven relatively high-temperature titanite precipitation, ~ 650 to 750 °C at inferred pressure of 0.2 to 0.4 GPa and a(TiO 2 ) = 0.6-1.0. • Mineral assemblage, U-Pb age dating and geothermometry indicate possible late-magmatic but rather early postmagmatic (subsolidus) origin of investigated titanite.
The post-magmatic precipitation of titanite was probably connected with a subsequent Variscan tectono-thermal event (~ 340 ± 10 Ma), probably related with younger small granite intrusions and increased fluid activity. • Veinlets and replacement zones of secondary titanite in the association of other late minerals (epidote, quartz, albite, K-feldspar, chlorite, ilmenite, rutile and/or anatase, and hematite) are probably products of Alpine (Cretaceous) metamorphic overprint.
